■ INTRODUCTION
Molecular self-assembly is an appealing method to engineer nanoarchitectures and nanomaterials because this method offers unique directions for the fabrication of long-range structures with elementary organic nano-building-blocks. Highly selective and directional intermolecular interactions are usually employed to stabilize molecular arrangement into porous structures. Porous organic layers with tailored design have been successfully achieved taking advantage of intermolecular hydrogen-bonding, 1−20 halogen-bonding, 21−42 and hybrid metal−organic and organic−ionic interactions. 43−46 In contrast with these interactions, van der Waals (vdW) interactions are weak and nondirectional interactions. These interactions are, however, omnipresent in self-assembled organic nanoarchitectures. 47 Anticipating the structure of selfassembled organic nanoarchitectures is therefore not a straightforward task when molecular self-assemblies are expected to be exclusively driven by van der Waals interactions. Tahara et al., however, showed that porous 2D organic structures could be engineering by taking advantage of molecular alkyl chain interdigitation induced by van der Waals interactions. 47, 48 They also observed that molecules can in addition adopt chiral arrangements. This is of great technological interest as chiral nanoarchitectures have promising potentials for applications in nanotechnology. 49 Chiral nanoarchitectures can emerge from molecular self-assembly. 50, 51 2D chirality can result from the self-assembly of chiral building blocks 52, 53 and prochiral building blocks. 54−56 In that case, the chirality of the molecule is transferred to the molecular assembly. 57 Chiral structure can also be achieved using achiral molecules. 1, 54, 55, 58, 59 In that case, the chirality results from the specific arrangement of the molecules. In the case of very small molecules made of few benzene rings, without alkyl chain and any specific substituant to drive intermolecular self-assembly, van der Waals interactions are expected to drive the formation of close-packed organic structures and the chirality of the resulting arrangements can hardly be predicted.
In this paper, we investigate experimentally the self-assembly of 1,2,3,4-tetrahydronaphthalene (C 10 H 12 ) on graphite at the solid liquid interface. Scanning tunneling microscopy (STM) reveals that the molecules self-assemble into a chiral porous nanoarchitecture and a chiral close-packed network at room temperature on graphite.
■ EXPERIMENTAL SECTION
A droplet of a 1,2,3,4-Tetrahydronaphthalene (T-naphthalene) solution (99%, Sigma-Aldrich) is deposited on a freshly cleaved highly oriented pyrolytic graphite substrate. STM imaging of the samples is performed at the liquid−solid interface 60−62 using a Pico-SPM scanning tunneling microscope (Molecular Imaging, Agilent Technology). Cut Pt/Ir wires are used to obtain constant current images at room temperature with a bias voltage applied to the sample. STM images are processed and analyzed using the application FabViewer. 63 
■ RESULTS
The 1,2,3,4-tetrahydronaphthalene molecule (Figure 1 ) is the archetypal small molecule to investigate molecular self-assembly driven by van der Waals interactions. This small molecule is composed of a benzene ring attached to a cyclohexane ring.
The large-scale STM image in Figure 2 shows that molecules self-assemble into a porous nanoarchitecture on graphite at the solid−liquid interface. The fast Fourier transform of the STM image (inset) reveals that the molecular arrangement is hexagonal.
A high-resolution STM image of the organic hexagonal network is presented in Figure 3a . STM reveals that the molecular building block of this structure has a pinwheel shape ( Figure 3b ). It is composed of six molecules. The center of the pinwheel is empty. This nanoarchitecture is chiral. The two pinwheel enantiomers are presented in Figure 3b ,c, respectively. The model of the 2D nanoarchitecture is presented in Figure  3d . The network unit cell of this structure is a lozenge with a 1.9 nm unit cell constant and an angle of 60°between the axes. The lozenge unit cell is represented by dotted purple lines, and the pinwheel building block is surrounded by a blue dotted circle. The six molecules composing the molecular pinwheel are rotated by an angle of 60°in comparison with their neighbors.
The large-scale STM image in Figure 4 shows that molecules also self-assemble into a close-packed nanoarchitecture on graphite at the solid−liquid interface. The fast Fourier transform of the STM image (inset) reveals that this molecular arrangement has a parallelogram unit cell.
The high-resolution STM image in Figure 5a shows that molecules adopt a herringbone arrangement in the closepacked domain. The network unit cell is a square with a 1.3 nm unit cell constant and an angle of 90°between the axes. This unit cell contains four molecules. Neighboring molecules are rotated by an angle of 85°. The model of this close-packed structure is presented in Figure 5b . The square unit cell is represented by dashed purple lines. This network is similar to the self-assembled herringbone structure of PTCDA molecules. 64 Figure 6 shows an STM image of the boundary between two herringbone domains. The two enantiomeric phases of the chiral herringbone arrangement can be observed in the same STM image. The four neighboring molecules forming the chiral network unit cell of each network have been colored in red and green as a guide for the eyes.
The chiral pinwheel and chiral herringbone nanoarchitectures are coexisting on the graphite surface. Figure 7 shows an STM image of the boundary between a herringbone and a pinwheel domain. The two dashed white rectangles superimposed to the STM image reveal that one molecule of the pinwheel network is aligned with one molecule of the herringbone structure. The different parameters of the pinwheel and herringbone nanoarchitectures are summarized in Table 1 . Molecules can adopt different behavior at the domain boundary. 65 In the case of 1,2,3,4-tetrahydronaphthalene 
■ DISCUSSION
The STM images are showing that T-naphthalene selfassembles into two chiral nanoarchitectures on graphite at the solid−liquid interface. T-naphthalene (C 10 H 12 ) and naphthalene (C 10 H 8 ) have very similar skeletons; i.e., the two molecular skeletons are composed of two hexagonal carbon rings. The self-assembly of naphthalene on metal surfaces has been investigated in the past. Naphthalene molecules deposited on Cu(111) were previously observed to form a chiral structure as well as a nonchiral rectangular and a lozenge structure, where molecules are aligned in the same direction. 66, 67 The aligned naphthalene structure was also observed on Rh(111). 68 This arrangement was coexisting with a close-packed structure, where the angle between molecules is 60°. 69 The Tnaphthalene structures presented in Figures 3 and 5 differ from naphthalene 2D nanoarchitectures. Due to the chemical nature of the naphthalene substituents (H atoms), the pinwheel and the herringbone nanoarchitectures appear to be stabilized by van der Waals interactions.
The pinwheel structure and the herringbone arrangement are surprisingly covering equally the graphite surface; i.e., none of the arrangements appear to be favored. The intermolecular interaction energy of the herringbone arrangement is expected to be smaller than the one of the pinwheel structure because The difference in the orientations of the two molecules within the cell is shown by the angle τ (also in degrees).
The Journal of Physical Chemistry C Article the close-packed arrangement and higher density of the herringbone structure (Table 1) are expected to maximize van der Waals interactions between neighboring molecules. The adsorption energy of the pinwheel nanoarchitecture should in contrast be lower than the one of the herringbone arrangement. The pinwheel arrangement possesses a 6-symmetry axis, like the graphite surface. This means that the epitaxial relationship of the molecule with the surface is optimized. This is not the case for the herringbone structure, which has a 4-fold symmetry. Figure 7 shows that only one molecule of the herringbone structure is adopting the same orientation as the molecules in the pinwheel structure. The experimental observations therefore reveal that the subtle balance between intermolecular interactions and molecule−surface interactions is not privileging the pinwheel structure or the herringbone arrangement on graphite; i.e., the molecule−surface interaction appears to be minimized in the pinwheel structure, whereas intermolecular interaction is minimized in the herringbone arrangement. One way to privilege the growth of one of the networks would be to change the supporting surface to tune the molecule−surface interaction.
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■ CONCLUSION
To summarize, T-naphthalene molecules self-assemble into a chiral close-packed squared herringbone arrangement and chiral hexagonal pinwheel nanoarchitectures on graphite at the solid− liquid interface. The two structures appear to be both stabilized by van der Waals interactions. The two structures are coexisting on the surface; the enantiomeric domains of the two chiral arrangements have been observed. None of the self-assembled structures appear to be privileged; i.e., intermolecular interactions and molecule−surface interactions are not favoring one of the two 2D arrangements. ■ REFERENCES
